Intermittent streams occur across global regions, and are increasingly recognized to support high biodiversity and perform important ecological roles within catchments. New tools are needed to better characterize biotic responses to the full spectrum of environmental conditions that occur in these dynamic systems, because the biological indices developed to assess ecological responses to flow in perennial rivers may be inaccurate in intermittent streams. We present the Monitoring Intermittent Streams index (MIS-index), a new biological index that can be used to assess invertebrate responses to environmental changes spanning flowing, ponded and drying states. As well as fully aquatic taxa, the index includes semi-aquatic and terrestrial invertebrates from marginal habitats, which are collected during the standard surveys used by regulatory agencies to assess ecological quality. We explore how including these taxa within an index informs our understanding of aquatic-terrestrial invertebrate community responses to changing habitat composition, as intermittent streams transition from lotic to lentic then drier conditions. We explain the development of the MIS-index and explore its performance compared with other indices. We suggest index combinations that can be used to detect different aspects of ecological responses to variation in instream conditions, and highlight the advantages of including semi-aquatic and terrestrial taxa. We call for researchers to test the performance of the MIS-index across a wide range of intermittent stream types, to enable its development into an internationally applicable tool for the holistic assessment of ecological responses to changing hydrological conditions including drying.
Introduction
Intermittent streams are natural ecosystems that experience profound changes in instream conditions including (by definition) the cessation of flow and, typically, the partial or complete loss of surface water. Anthropogenic drivers including water abstraction and human land use interact to modify natural inter-mittent flow regimes, thus impacting their capacity to support high biodiversity and perform important ecological roles (Chiu et al. 2017) . Ecological responses to altered flow regimes can be particularly pronounced if flow permanence shifts from perennial to intermittent or vice versa, and in intermittent streams, changes in the extent of dry phases also cause profound shifts in community composition . Whereas ecological responses to altered flow regimes have received considerable attention in perennial streams, including the development of hydrological indices (Richter et al. 1996; Monk et al. 2007; Poff et al. 2010 ), fewer tools have been developed for intermittent streams (Gallart et al. 2012; Prat et al. 2014) , and none that incorporate responses of biota across the aquaticterrestrial spectrum. With climate change increasing the occurrence of drought (i.e. a deficit in water in comparison to the long-term average; Tallaksen & van Lanen 2004; Prudhomme et al. 2014 ) and drying, and thus extending the spatial and temporal extent of intermittence in many global regions, development of such indices is needed to facilitate effective management of intermittent streams.
Freshwater invertebrate communities, including taxa associated with lotic and lentic waters, can be used as indicators of flow-regime change. Community responses may be effectively summarized by indices that characterize ecological effects and therefore inform setting of hydroecological objectives to mitigate anthropogenic and drought impacts and, where necessary, to restore natural flow regimes (Klaar et al. 2014) . For example, the LIFE (Lotic-invertebrate Index for Flow Evaluation) index (Extence et al. 1999) , calculated using the flow preferences of aquatic invertebrate taxa, is used to assess ecological responses to changing flow regimes (Gosling 2012; Klaar et al. 2014) .
A second index, Drought Effect of Habitat Loss on Invertebrates (DEHLI; Chadd et al. 2017) , has been developed to characterize ecological responses to key stages of channel drying associated with drought events, including flow cessation and surface water loss. Based on presence-absence observations of invertebrate families, DEHLI considers only aquatic taxa, not the semi-aquatic and terrestrial taxa that occur in marginal and riparian habitats and that may colonize channels as flow declines. However, such taxa are collected during routine invertebrate sampling, which encompasses all riverine habitats including marginal areas (ISO 2012) . Although DEHLI has the potential to track biotic responses as flow recedes in a drying channel, complementary approaches encompassing the taxa present in all stream habitats are needed to facilitate effective management of ecosystems affected by interacting drought and anthropogenic pressures .
We present the development of a new invertebrate index, which incorporates lotic, lentic, semi-aquatic and terrestrial taxa to characterize ecological responses to habitat changes associated with flow inter-mittence: the Monitoring Intermittent Streams index (MIS-index). We use the term intermittent streams sensu , to encompass all rivers and streams that sometimes cease to flow and may dry; as such, it is comparable to the terms temporary streams (Acuña et al. 2014; Stubbington et al. 2017a ) and intermittent rivers and ephemeral streams (IRES; .
Biotic indices have previously been developed based on expert opinion (e.g. Chester 1980; Extence et al. 1999; Chadd et al. 2017) , derivation of relationships using statistical approaches (e.g. Murphy et al. 2015) , and a combination of both (e.g. Walley & Hawkes 1996; Turley et al. 2015) . We outline the development of the MIS-index, which uses a combination approach. We use existing literature and expert opinion to assign taxa to groups based on their association with habitats recorded within intermittent streams. These different 'mesohabitats', 'biotopes' or 'functional habitats' (Armitage et al. 1995; Padmore 1997; ) support distinct invertebrate assemblages (Kemp et al. 1999; Kemp et al. 2000; Demars et al. 2012) . We then use statistical modelling to derive a set of internally consistent weighting factors, one for each taxon group. These weighting factors facilitate the aggregation of presence/absence data for each taxon group into a single index.
We compare the MIS-index with biotic indices used to assess aquatic invertebrate responses to changes in flow (LIFE; Extence et al. 1999) and to instream habitat changes associated with drought (DEHLI; Chadd et al. 2017) , and highlight its potential for future use.
Methods

Assignment of taxa to habitat-association groups
We used published information (see Supplementary Material), a trait database (Schmidt-Kloiber & Hering 2015) and longterm field observations of recognized experts to assign each taxon to one of six groups based on its habitat associations: lotic (fast), lotic, generalist, lentic, semi-aquatic, and terrestrial (Table 1) . We assigned most taxa to groups at multiple taxonomic resolutions and, for insects, multiple life stages. For example, we assigned juveniles of the family Limnephilidae as lotic, with genera and species assigned to groups including lotic (fast), lotic and generalist. We assigned taxa with broad habitat associations spanning multiple groups to the generalist group. In total, we assigned 536 taxa to these habitat-associated 'MIS-groups', comprising 31 lotic (fast) taxa, 72 lotic taxa, 166 generalist taxa, 115 lentic taxa, 72 semi-aquatic taxa, and 80 terrestrial taxa ( Supplementary Material Table S1 ).
Index development dataset
The invertebrate dataset we used to develop the MIS-index was collected at 23 sites across five streams (1-7 sites per stream) overlaying limestone (chalk) geology within the River Thames catchment in southern England, UK. The Misbourne, Gade and Ver are within the River Colne sub-catchment, and the Mimram and Beane are in the adjacent River Lee sub-catchment ( Fig. 1 ). The streams are predominantly groundwater-fed, and seasonal and annual fluctuations in the water table (Sear et al. 1999; Sefton et al. 2019 ) result in intermittent flow at 17 sites; the remaining 6 sites are perennial (Supplementary Material Ta-ble S2). Catchment land use is primarily agricultural (63 -77 arable and pasture; NRFA 2018).
All samples were collected by or for the Environment Agency (the statutory environmental regulator within England) in spring (March-May) and autumn (September-November) between 1993 and 2017. Years and seasons sampled were sitespecific and no site was sampled in every year/season, due to operational reasons or when the streambed was completely dry at intermittent sites. Invertebrates were collected following the standard approach used by UK regulatory agencies (ISO 2012): a 3-min kick/sweep technique using a pond-net, supplemented by hand searching. All available habitats were sampled in pro- 
MIS-group Definition Lotic (fast)
Taxa primarily associated with riffle and rapid habitats (sensu Newson et al. 1998) .
Lotic
Taxa primarily associated with run and glide habitats, but that occur rarely in pool habitats (sensu Newson et al. 1998 ).
Generalist
Taxa that occur across a wide range of running-water and standing-water habitats.
Lentic
Taxa usually associated with pool and marginal dead-water habitats (sensu Newson et al. 1998 ).
Semi-aquatic
Taxa associated with seasonally inundated areas, waterlogged soil and marginal marshy habitats. Waterdependent but not fully aquatic.
Terrestrial
Taxa primarily associated with terrestrial habitats. Fig. 1 . Location of the 23 invertebrate monitoring sites, spanning six chalk streams in the adjacent Colne and Lee catchments in southern England, UK. Sites 1-10 have invertebrate samples associated with zero-flow conditions in the antecedent six month periods (9 to 27 depending on site; Supplementary Material Table S2 ).
portion to their occurrence, including sweeps through vegetation patches and between the roots of overhanging trees. As flow decreased, sampling included splashing water onto areas covered by very shallow water and collecting any invertebrates washed out. Visual estimates of channel substrate composition within the sampled area ( boulders, cobbles, pebbles, gravel, sand and silt) were made in association with each invertebrate sample, and the mean substrate size summarized as phi (Donoghue 2016). The dataset selected for index development comprised collected samples for which aquatic taxa, were identified to species (with the exception of Oligochaeta and Chironomidae) and for which any semi-aquatic and terrestrial species were also identified, totalling; 503 samples. The number of samples per site ranged from 3 to 41 (mean ± SD = 22 ± 13.21) (Supplementary Material Table S2 ). The percentage occurrence in each habitat association group within the samples ranged from 100 for generalists to 10 for terrestrial taxa in the autumn and the mean taxa richness among habitat-association groups varied between 0.12 (terrestrial) and 11.89 (generalist; Table 2 ).
For seven sites, we obtained hydrological (daily mean discharge) time-series data from nearby fixed gauging stations (Supplementary Material Table S2 ). For the other 17 sites closer spot-gauging discharge measurements were available. We transposed the nearest fixed gauged mean daily discharge to each of the 17 sites using linear regression against spot-gauge discharges Malcolm et al. 2012; Supplementary Material Table S3 ). Using the site-specific discharges, flow statistics were calculated for each water year (October-September) at each site for two periods: 'summer' (April-September) and 'winter' (October-March), following Dunbar et al. (2010a; 2010b) . For each site, we calculated one low-flow, one high-flow and one zero-flow statistic for each period in each year. We chose the low-flow metric Q70 (i.e. the discharge exceeded 70 of the time) because lower thresholds resulted in less distinction between intermittent sites, and we used the common Q10 metric to describe high, but not flood flows. We standardized these two discharge magnitude statistics by site as z-scores (Q70z and Q10z respectively), to enable comparison of relative discharge patterns across sites, using the approach outlined in Dunbar et al. (2010a; 2010b) . To represent intermittence, we calculated the percentage of zero-flow days ( F) in each season-water-year period for each site. As zero-flow records do not distinguish between ponded and dry conditions, each discharge series was calibrated with routine long-term observational data collected by the Environment Agency (Sefton et al. 2019 ). An improved match was achieved by counting any flows < 0.01 m 3 s -1 as indicative of a dry channel.
We matched spring invertebrate samples with each of the three discharge statistics (Q70z, Q10z and F) in the immediately preceding winter (W1), and also the F statistic for the preceding summer (S1) and the summer before S1 (S2; Table 3 ). We matched autumn samples with the three discharge statistics (Q70z, Q10z and F) for the immediately preceding summer (S1) and also the F statistic for the summer before S1 (S2) ( Table 3) ; exploratory analysis demonstrated no relationship between autumn samples and preceding winter flows. Invertebrate samples could therefore have been collected either during or after the 'preceding' hydrological season, for example either in March or between April and May for spring samples matched with the preceding winter. The ecological relevance of these time periods has previously been demonstrated (Dunbar et al. 2010a; Dunbar et al. 2010b ). Table 3 . Candidate explanatory variables used to fit a maximal model within the exploratory analysis.
Description
Short description Percentage of zero-flow ( F) days in the six-month season (summer, S; winter, W) prior to sampling.
F-S1au (autumn samples) F-W1sp (spring samples) Percentage of zero-flow days in the summer of the calendar year prior to sampling.
F-S1sp (spring samples) F-S2au (autumn samples) Percentage of zero-flow days in the summer two calendar years prior to sampling.
F-S2sp (spring samples) Standardized Q10 and Q70 discharge in the six-month season prior to sampling.
Q10z, Q70z Calendar year of the sample, re-centred to the year 2000.
Year.2000 Substrate, expressed as the mean substrate composition (phi). phi
Index development
We undertook all analyses in R version 3.4.4 (R Core Team 2018). To assess the relative association of the taxon richness in each MIS-group with each flow statistic (Table 3) , plus substrate conditions recorded on the day of sampling, we built generalized linear mixed-effects models (GLMM). We fitted separate models for spring and autumn samples, because invertebrate indices can show season-specific responses to hydrological drivers (Wood et al. 2000; Dunbar et al. 2010b ). We fitted six models (one for each MIS-group) with the glmer function from the R package the lme4 (Bates et al. 2015) , using a Poisson error term and a log link function.
To fit a maximal model, we used the mean substrate particle size (phi), the calendar year of sample collection, plus the four candidate flow predictor variables for autumn samples, and five for spring samples (Table 3) . We centred calendar year on the year 2000 to assist model stability, i.e. to avoid the estimation of a meaningless intercept parameter at calendar year 0. We used a random-effects structure of samples within sites.
Model diagnostics showed no substantial overdispersion or underdispersion, indicating the Poisson error term as appropriate. We ranked all possible subsets of the maximal model using the Akaike Information Criterion (AIC). We then simplified the exploratory models by creating a composite average of the models with a AIC of < 4 from the top model (Burnham & Anderson 2002; Anderson 2008) , using the R package MuMIn (Barton 2018) . For this subset, we also compared the direction of the partial relationship (positive or negative, with other predictor variables held constant) and relative importance for each model parameter. Relative importance was defined as a weighted measure of the proportion of models which included the parameter, with values of 1 and 0 indicating presence in every model and no model, respectively. Relative importance is a measure of model selection uncertainty, which we quantified to recognize correlations between the partly-interchangeable candidate explanatory variables.
To enable us to summarize taxonomic data from a sample as a single MIS-index value, we determined taxon weighting factors for each MIS-group. We modelled the responses of taxa richness to intermittence ( F) in each MIS-group together as a multivariate response in one GLMM, using the function MCMCglmm in the package MCMCglmm (Hadfield 2010) . We chose this approach because it respects the hierarchical data structure, and uses an underlying model appropriate for the zero-bounded, integer response variables (taxa richness), with an implied mean-variance relationship (Warton et al. 2012 ). For this model form, we used a random-effects structure of observations within samples within sites, with each observation comprising the taxa richness in a single MIS-group, and a Poisson error distribution.
We configured the model with MIS-group as an indicator variable (fixed-effect factor) with six levels, constructed as a set of sum-to-zero contrasts and a single time-varying F predictor variable: antecedent summer F for autumn samples ( F-S1au), and F in the summer of the previous year for spring samples ( F-S1sp). We also specified an interaction term between the MIS-group indicator variable and the F flow statistics and tabulated their slope parameter estimates. Focusing on the single F variable allowed us to manage model complexity, deriving only one set of taxon weighting factors, while still partially accounting for indirect relationships between antecedent zero-flow and physical habitat characteris-tics (notably substrate composition). It also implicitly includes some of the effects of zero-flow characteristic over longer timescales, because they themselves are partially correlated with the chosen F variable, due to the storage of the underlying chalk aquifer. Compared with the exploratory models for the univariate response of each MIS-group, this multivariate model provided consistency in the resultant parameters, respected cooccurrence between taxa richness in the different MIS-groups from the same sample, and avoided potential imprecision arising from fitting separate models for each MIS-group. We multiplied the final parameters by -100 to give interpretable values which form the final MIS-group weighting factors.
We calculated the MIS-index as the weighted average of the weighting factor and the taxa richness for each MIS-group (see Results), with positive values broadly indicating a community more characteristic of flowing conditions, and negative values conversely indicating drier conditions. MIS-index scores were calculated for each of the 503 samples using the formula:
where s denotes season (spring, autumn) i = 1..6 denotes the six MIS-groups s = denotes season (separate weighting factors for spring and autumn samples) M si is the weighting factor for MIS-group i in season s (following Table 5 ) T ij is the number of taxa in group M si in sample j T j is the total number of taxa in sample j
Temporal and spatial performance of the MIS-index
To demonstrate the application of the MIS-index to temporal data, we excluded the single River Gade site (6, Fig. 1 ) from the development dataset, to allow its use as a test site. We selected this site because it is the only site on this river, and is therefore relatively independent. We built linear mixed-effects models (LMM) using the function lme in the package nlme (Pinheiro et al. 2018) with separate models used to assess the relationship between MIS-index scores and antecedent F (S1, S2 and W1) and mean daily discharge (S1, S2 and W1). Season was included as a random factor in every model.
To explore spatial variation we compared MIS-index scores with distance downstream for the River Ver in 2005 (sites I-M; Supplementary Material Fig. S1 ). This example was selected due to the completeness of data for this river-year combination and the increase in intermittence with distance from the mapped source. We compared the MIS-index with the site-specific flow permanence regime using the mean number of zero-flow days per year for each site based on long-term (1995 -2017) modelled daily discharge (Supplementary Material Table S3 ). We used mean number of zero flow days since this metric was not used in the development of the index.
Comparison of the MIS-index and the DEHLI and LIFE indices
We used Spearman rank to correlate MIS-index scores for each sample with species-level LIFE and DEHLI index scores, to establish the extent of overlap with these two indices. To explore these relationships further, we compared MIS-index scores to DEHLI and species-LIFE scores at sites with invertebrate samples associated with antecedent F conditions (i.e. sites 1-10; Fig. 1 ) which varied from 9 to 27 samples per site (Supplementary Material Table S2 ).
Results
Univariate models: MIS-group responses to flow, intermittence and substrate composition Exploratory univariate response modelling of each MIS-group provided some support for inclusion of each candidate explanatory variable. Furthermore, there was evidence in maximal and model-averaged models (explanatory variables listed in Table 3 ) that the response of taxa richness to antecedent F differed among MIS-groups. For example, in autumn, the model-average parameter estimate for the lotic (fast) MIS-group was -0.00874 (± SD = 0.0038), this indicates the change in taxa richness per percentage point change in zero flow days in the summer immediately prior to sampling, with the other variables in the model (Table 3) held constant. In contrast, the parameter estimate for terrestrial was +0.0128 (± SD = 0.0077) (Supplementary Material Table S4a&b ).
In autumn, for five of the six MIS-groups (not terrestrial), either F-S1au or F-S2au was selected in 79 of the candidate models with a AIC within 4 of the top model. For terrestrial taxa, relative importance values of 0.58 -0.65 provided comparable, moderate levels of support for each of the four flow variables. In spring, F flow variables were selected in 97 of four of six models. Models for lentic and semi-aquatic groups were less clear, and the relative importance of only one explanatory flow variable (Q10z for lentic taxa) was > 0.5.
In autumn, lotic (fast), lotic and generalist group taxa richness responded negatively to F, whereas lentic, semi-aquatic and terrestrial group richness responded positively (Table 4 ). The partial response to F was similar in spring and autumn, although there was an inconsistent and relatively weak response for lentic taxa richness in spring (relative importance of 0.39 negative for F-W1sp , 0.31 negative for F-S1sp and 0.29 negative for -S2sp ). Partial responses to flow magnitude (Q70z and Q10z) were also relatively weak and inconsistent for all MISgroups.
In both spring and autumn, MIS-groups 1-4 (i.e. aquatic taxa) generally had consistent partial relationships with mean substrate size, with higher richness of lotic (fast) and lotic taxa associated with coarser substrates, and higher richness of generalist and lentic taxa associated with finer substrates. Semi-aquatic and terrestrial taxa showed less consistent partial relationships with mean substrate size (Table 4 ). Taxa richness in each MIS-group also showed temporal trends in both seasons, with lotic (fast) richness increasing over the 24-year study period, and generalist, lentic, semi-aquatic and terrestrial taxa decreasing; trends for lotic taxa were inconclusive. Table 4 . Relative importance values for six explanatory variables in separate GLMM models for each MIS-group. Italics denotes a negative relationship; bold text denotes a positive relationship. Dark and light grey backgrounds highlight relative importance above 0.9 and between 0.5 -0.9, respectively. All relationships are partial, i.e. to be interpreted with the other variables held constant. Explanatory variables and MIS-groups are described in Tables 3 and 1, GLMM-derived weighting factors increased in affinity for antecedent F conditions across MISgroups from lotic (fast) to terrestrial. The derived weighting factors were close to zero for generalist taxa (Table 5 ) and for lentic taxa in spring. Patterns observed in both seasons were broadly comparable, although in spring the monotonic change in weighting factor spanned all MIS-groups; in autumn, lentic and semi-aquatic groups had similar weighting factors; and the lotic (fast) and lotic group weighting factors were more similar in spring compared to autumn (Table 5).
Temporal MIS-index performance at the River Gade test site MIS-index scores varied between -3.12 and 2.23 and (mean ± SD = 0.13 ± 1.58) in autumn and between 1.32 and 5.23 (mean ± SD = 3.31 ± 1.01) in spring on the River Gade test site (6, Fig. 1; Fig. 2a ). Autumn scores increased from 1999 to 2004, from 2006 to 2009 and from 2010 to 2017 following periods of drought , 2005 -2006 Met Office 2019) . Spring scores were consistently higher than the autumn scores. Both seasons showed similar pattern over time with greater divergence after high-flow events (2001-2002 and 2014) . Low scores in autumn 2005 and 2011 and a decline in score in spring 2006 and 2012 corresponded with an absence of lotic (fast) taxa (Fig. 2b) . The highest scores (e.g. spring 2003, 2015 and autumn 2016) reflected higher richness of lotic (fast) taxa and lotic taxa (e.g. autumn 2003) and a reduction in semi-aquatic taxa (Fig. 2b ). There was a lag between the peak flow of 2001/02 and the high spring score of 5.19 with a similar lag following high flows in 2014 and the spring 2015 score of 5.23 ( Fig. 2a ). MIS-index scores decreased with F-S1 (LMM, Confidence intervals (CI -0.033:-0.001 ) and
F-S2 (CI -0.033:-0.006 ) and increased with mean daily discharge in S2 (CI 2.006:17.935 ) but did not change with F-W1 or mean discharge (S1 and W1) with overlapping CI with 0.
Spatial MIS-index performance on the River Ver MIS-index scores varied between -6.13 and 6.72 along the length of the Ver in autumn 2005, increasing progressively from upstream to downstream despite variation in taxa richness between sites (Fig. 3a) . Lower scores were associated with the presence of semiaquatic and terrestrial taxa and an absence or low occurrence of lotic (fast) and lotic taxa. Spring scores ranged between -0.72 and 5.85 and were consistently higher than autumn scores (Fig. 3b ). Although scores also generally increased from upstream (I; Supplementary Material Fig. S1 ) to downstream (M; Supplementary Material Fig. S2 ) in spring, site K (Supplementary Material Fig. S1 ) scored lower than site upstream (J; Supplementary Material Fig. S1 ), due to the greater presence of both semi-aquatic and terrestrial taxa (Fig. 3b ). The highest score was recorded at the most downstream site (M; Supplementary Material Fig. S1 ), which had the lowest taxa richness but the greatest proportion of lotic (fast) taxa. MIS-index scores decreased with an increasing mean number of zero-flow days per year for each site in both autumn and spring (Fig. 3c&d ).
Comparison of the MIS-index and the DEHLI and LIFE indices
In autumn, there was some correlation between MISindex and both LIFE (Spearman r s = 0.719) and DE-HLI (r s = 0.757) index scores, despite considerable scatter (Fig. 4) . In spring, there was virtually no correlation between MIS-index and either LIFE (r s = 0.084) or DEHLI (r s = 0.063). Comparable patterns were observed when considering only samples associated with antecedent intermittent flow: in autumn some correlation was observed between the MIS-index and both LIFE and DEHLI (r s = 0.613 and r s = 0.775, respectively), whereas in spring there was no correlation of the MIS-index with either index (r s = 0.196 and r s = 0.037, respectively). In both seasons, samples collected after uninterrupted antecedent flow (i.e. F of 0 for the relative six month period) were associated with higher LIFE and DEHLI scores, but there was no clear trend in MIS-index scores.
MIS-index responses to antecedent F were site specific. In autumn, the MIS-index consistently increased with LIFE scores (Fig. 5a ) except at sites 3 and 4 on the River Ver (Fig. 1) . In spring (Fig. 5b) , negative correlations were observed at one site on the Ver (3) and three on the River Misbourne (7, 9, 10; Fig. 1 ). These sites are all located within intermittent upper reaches and experience dry periods of variable duration. In autumn, MIS-index scores consistently increased with DEHLI across all sites (Fig. 5c ), whereas in spring, patterns of correlation between indices differed among sites (Fig. 5d ). The three sites with negative correlations between MIS-index and DEHLI scores (2, 3 and 6; Fig. 1 ) are in reaches that regularly experience dry periods exceeding one year. Three sites with a positive correlation between these indices (1, 4 and 8; Fig. 1 ) also dry, but less regularly and for shorter durations. MIS-index scores changed little as DEHLI increased at the remaining sites, which have variable patterns of intermittence. 
Discussion
Recent research has highlighted the need to improve our understanding of ecological responses to flow intermittence, including recognition that intermittent stream communities comprise dynamic assemblages of taxa spanning the aquatic-terrestrial continuum (Larned et al. 2010; Corti & Datry 2016) . The MISindex is the first attempt to incorporate taxa associated with a full range of habitats, from fast-flowing water to a drying bed, into a single metric indicating community responses to changing instream conditions. By summarizing instream communities in a single score, the MIS-index can inform interpretation of ecological responses to drying in both research and regulatory contexts. Application of our index will enable a more holistic characterization of ecological responses to surface water loss, thus underpinning international drives towards more effective monitoring of ecological quality in intermittent streams (Mazor et al. 2014; Steward et al. 2018; Stubbington et al. 2018; Stubbington et al. 2019 ).
Performance of habitat-association groups
The strongest relationships between taxa richness within MIS-groups and environmental metrics were with zero-flow ( F) days. We observed negative relationships between F durations in the two preceding summers and lotic (fast), lotic and generalist taxa during autumn, and negative relationships between F periods in the preceding winter (lotic fast) and spring (lotic). These results reflect the higher number of taxa associated with faster velocities during years with longer periods of discharge. In contrast, terrestrial and semi-aquatic taxa-richness increased with antecedent F metrics, reflecting a greater extent and diversity of damp and dry instream habitats Sefton et al. 2019) . Our results thus contribute to the emerging recognition of intermittent streambeds as habitats in which high spatial and temporal betadiversity result from 'time-sharing' by dynamic assemblages of lotic, lentic and terrestrial taxa (Bogan & Lytle 2007; Corti & Datry 2016; Stubbington et al. 2017b ).
We noted a positive association between lentic and semi-aquatic taxa in autumn assemblages and F metrics, reflecting the persistence of taxa benefiting from extensive lentic and damp habitats during the preceding summer (Sefton et al. 2019) , and supporting the suggestion that colonization of isolated pools by lentic taxa enhances intermittent stream biodiversity (Bogan & Lytle 2007; Hill & Milner 2018) . We demonstrated temporal variation in MIS-index scores corresponding to antecedent changes in discharge. Exploration of temporal variability in MIS-index scores in different streams could enable quantification and comparison of biodiversity in streams with contrasting intermittence regimes.
Taxa richness of lotic (fast) and lentic MIS-groups decreased and increased, respectively, with a decrease in mean substrate size. Such relationships likely reflect the scouring effects of increasing flow velocity on substrate composition, as also observed for LIFE index (Dunbar et al. 2010a; Dunbar et al. 2010b) . Changes in index scores are underpinned by multiple taxonspecific habitat associations (Buffagni et al. 2009 ), for example the lotic (fast) MIS-group includes Hydropsyche caddisfly and Simulium blackfly juveniles, reflecting their flow-dependent feeding habits (Edington & Hildrew 1995; Bass 1998) . Our results highlight how intermittence ( F) and substrate interact to influence taxa richness in different MIS-groups, with the spatiotemporal variability of physical habitat mosaics promoting high invertebrate biodiversity (Larned et al. 2010; Datry et al. 2016) .
After accounting for relationships with substrate characteristics and discharge, the taxa richness of each MIS-index group showed strong temporal trends over the 24-year study period, including an increase in lotic (fast) taxa richness and decreases in generalist, lentic, semi-aquatic and terrestrial taxa richness. These results may indicate that long-term temporal changes in hydrological conditions favoured lotic taxa, which may reflect reductions in groundwater abstraction implemented to increase discharge and changes in intermittence in the Rivers Misbourne and Ver (Perrow et al. 2007; Clayton et al. 2008) . MIS-group richness may also have been responding to uncharacterized variables.
Responses of habitat-association groups to flow statistics
We demonstrated decreases in MIS-index scores in response to the mean number of zero-flow days per year and antecedent intermittence. Although the primary driver of response was intermittence, flow magnitude, as described by Q70z and Q10z, exhibited weaker and more variable relationships with all MIS-index groups than F metrics. These findings suggest that intermittence, and in particular drying, overrides ecological responses to flow magnitude to act as a fundamental driver of community composition Soria et al. 2017) . Our results indicate that this relationship applies to semi-aquatic and terrestrial as well as aquatic invertebrate assemblages, with the magnitude, frequency and duration of inundation events also recognized as key influences on terrestrial community composition in aquatic-terrestrial habitats such as exposed riverine sediments (Sadler et al. 2008 ) and floodplains (Adis & Junk 2002) . Lotic (fast) and lotic MIS-groups were positively associated with greater Q70z low-flow discharges in both seasons, reflecting the increased availability of flowing water habitat at higher discharges. Lotic (fast) in autumn and lotic (fast) and lotic in spring were negatively associated with Q10z, reflecting reduced populations of velocity-dependent taxa at higher peak-flow magnitudes. This may reflect high-flow events scouring sediments and displacing invertebrates during extreme high flows (Palmer et al. 1995) .
The positive weak response of the lentic group to Q70z could reflect the extensive still-water marginal habitats available at most sites during higher Q70z in antecedent periods. Such areas can be exploited by associated taxa such as Cloeon dipterum mayflies (Buffagni et al. 2009 ), Gyraulus laevis snails (Dillon 2000) and bugs such as Micronecta (Savage 1989) . Lentic taxa were negatively associated with Q10z, which may reflect the loss of still-water refuges and wash-out of common taxa such as certain Limnephilid caddisflies and Caenis mayflies (Gibbins et al. 2009 ). Higher Q70z in the preceding summer promoted autumn taxa richness in all MIS-groups except generalists, which may reflect the morphology of streams with high width:depth ratios (e.g. Sear et al. 1999 ) and welldefined low-flow channels (e.g. Berrie 1992), creating both low-flow and high-flow refuges.
Terrestrial taxa responded negatively to Q70z in spring and positively in autumn. In spring, these low flows would be higher throughout the 6 months preceding sampling (i.e. including winter), leaving little or no habitat suitable for terrestrial taxa when Q70z is relatively high. Conversely, in autumn, following higher Q70z in the preceding 6 months (including summer), more terrestrial taxa were present, which may reflect the increased wetting of the marginal areas and increased wash-in of taxa from previously dry areas.
We derived a relatively strong weighting factor for terrestrial taxa despite their relative rarity, highlighting their importance within metrics developed to track the effects of intermittence. Although our sampling approach was not specifically designed to assess semiaquatic or terrestrial taxa, they are routinely collected, and our results emphasize the advantages of considering these taxa in intermittent stream assessments. Semi-aquatic and terrestrial taxa were restricted to relatively few orders, and comprised mostly beetles (Coleoptera), some true flies (Diptera) and gastropods (Mollusca), and a few true bugs (Heteroptera; Appendix 1). Many such taxa are associated with drying marginal areas and other dynamic aquatic-terrestrial habitats such as temporary ponds (Biggs et al. 2016 ) and floodplains (Cooper et al. 2009 ). For example, many carabid beetles of the large Bembidion genus inhabit sediments within marginal and riparian zones (Luff 2007) ; many chrysomelid beetles are strongly associated with river banks (Hubble 2012) ; and larval stages of terrestrial Diptera such as Stratiomymid soldier flies and Tipulid craneflies are associated with moist sediments in marginal areas (Stubbs & Drake 2014; Boardman 2016) .
Comparison with other indices
Our results highlight that the MIS-index complements (and does not replace) the existing indices LIFE (Extence et al. 1999 ) and DEHLI , which concentrate on flow associations and droughtrelated habitat losses in perennial streams, respectively. In contrast, the MIS-index explores ecological responses to habitat changes including concurrent gain and loss of habitats within a dynamic aquatic-terrestrial mosaic.
We observed some correlation between MIS-index and DEHLI scores in autumn but little within spring, which may reflect the reduced influence of flow or habitat loss on spring communities The MIS-index responded to F and habitat composition and DE-HLI to habitat loss, and the correlation between these indices in autumn may reflect the greater influence of habitat availability. In spring, when discharge is generally higher, the variable influences of site-specific conditions, longer antecedent flow intermittence and morphology create more among-site variability in habitat types. These observations suggest that the MIS-index can respond to variation in habitat availability associated with changes in flow independently of the existing indices. We thus highlight its potential to complement such indices by reflecting ecological responses to changing habitat availability for aquatic, semi-aquatic and terrestrial taxa. The MIS-index has particular potential for use in intermittent streams, and ecosystems characterized by temporal changes in the extent of aquatic and terrestrial habitats. The MISindex could be used alongside other biotic indices to characterize invertebrate community responses to various aspects of hydrological variability, flow intermittence and anthropogenic pressures (e.g. Clews & Ormerod 2009; Extence et al. 2017 ). However, further research is needed to explore seasonal variation in the MIS-index response to environmental variability.
Future development
MIS-index development was informed by data collected from one river type: the chalk streams of southern England (Mainstone et al. 1999 ). These globally rare systems include rivers protected by international legislation, making them a UK research and management interest White et al. 2018; Stubbington et al. 2019) . Despite our focus, the inclusion of 536 taxa in the index and our documentation of their habitat associations may enable its application, with or without adaptation, to communities in other intermittent stream types across and beyond the UK. Taxon-specific habitat associations are likely to be comparable across regions, as evidenced by the application of indices such as LIFE in hydroecological modelling across and beyond Europe (Dunbar et al. 2010a; Ncube et al. 2018 ). The MIS-index requires testing to determine the extent to which the described associations between taxa and habitats and weightings are generally applicable, in particular for semi-aquatic and terrestrial taxa, which are less well explored. Such testing across a wide range of regions and stream types is essential in the development of an index (e.g. Dunbar et al. 2010a; Dunbar et al. 2010b; Armanini et al. 2011; . Notably, our classification of one terrestrial group is equivalent to defining a single aquatic group, and its 80 terrestrial members are likely to include ubiquitous taxa (the terrestrial equivalent of our generalist group) such as the European cranefly Tipula paludosa (CABI 2018), those associated with marginal and riparian habitats (e.g. Bembidion spp. and other carabids, Eyre et al. 1996) , and potentially intermittent stream specialists (Steward et al. 2011) . Wide testing is therefore likely to improve the precision of the defined associations between taxa and different habitats (Supplementary Material Table S1 ). Any new taxa encountered can be allocated to one or more habitat-association groups, allowing the index to be extended to represent a more diverse range of intermittent stream types across a larger geographical area. We recommend that assessments of intermittent streams also incorporate specific dry-phase assessments (see Steward et al. 2018; Stubbington et al. 2018; Stubbington et al. 2019) , to enhance our understanding of the terrestrial taxa that colonize as flow recedes.
Conclusions
We suggest the MIS-index as a tool to complement established indices that demonstrate the ecological effects of changes in habitat availability resulting from hydrological variability, including partial or complete surface water loss. A primary strength of the index is its inclusion of taxa from across the aquatic-terrestrial spectrum, including lentic specialists which exploit slow-flowing and ponded instream habitats and semiaquatic and terrestrial taxa which colonize as water levels drop below the sediment surface. Recognizing responses to natural intermittence informs our understanding of responses to pressures impacting on ecological quality and biodiversity value of intermittent streams. The MIS-index provides a consistent means of characterizing responses, although testing of the approach is required. We call for scientists and managers to identify the semi-aquatic and terrestrial taxa they collect, to provide the data needed to test this approach. As intermittent streams become increasingly common due to both climatic drivers and water resource pressures (van Vliet et al. 2016) , such an approach would enable scientists and managers to consider taxa associated with a full range of instream conditions in holistic ecosystem health assessments.
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